For the first time discrete gamma-rays following the nuclear reaction 170 Er( ) 170 Tm with enriched target were measured with a high resolution GeHP spectrometer. Protons delivered by the Bucharest FN Tandem Van de Graaff accelerator bombarded a thin self-supporting film of enriched erbium. Measured γ-ray energies (E γ ), their relative intensities (I γ ) and corresponding excitation functions for the beam energy range 2.0-3.6 MeV are reported in the present work. The measured excitation functions were fairly well reproduced by compound nucleus calculations based on the Hauser-Feshbach formalism.
Introduction
Obtaining accurate low-energy nuclear data for all stable isotopes in the nuclear chart is of tremendous importance for many applications in nuclear science (for example Ref. [1] ). Our present knowledge of nuclear data is accumulated and updated mainly in complex data-bases such those from NNDC (National Nuclear Data Center) at Brookhaven National Laboratory -USA (http://www.nndc.bnl.gov) and IAEA (International Nuclear Energy Agency) in Vienna, Austria (http://www.iaea.org). An on-line interrogation of these data-bases reveal a lack of measurements on gamma-ray production following the 170 Er( ) 170 Tm nuclear reaction with proton energies above the threshold. Earlier measurements of gammas following the bombardment of natural Er target with 6-87 MeV protons are reported in Ref. [2] . This type of experimental information could be important for detailed evaluations of gamma-ray fields in complex situations like future generation nuclear reactor design and statistical model calculations. It is the main goal of the present paper to report on the first measurement of the gamma rays following the bombardment of a 170 Er target with protons in the energy range 2.0-3.6 MeV selected above the threshold value (Q = −1 09634(181) MeV for the reaction 170 Er( ) 170 Tm [3] ). This experiment has been performed at the Bucharest Tandem Van de Graaff electrostatic accelerator. Gamma rays were recorded with a high resolution, high efficiency HPGe detector coupled to a PC based multichannel analyzer. Careful reduction of the complex gammaspectra allowed for identification of the contaminants in the isotopically-enriched target. Peak deconvolution from the recorded spectra and efficiency corrections performed with standard calibration sources allowed a precise determination of the gamma intensities in a relative scale by correcting with detector efficiency and normalizing to the integrated charge. For the proton bombarding energies selected in the present experiment, the compound nucleus formation followed by its decay is the dominant reaction mechanism [4] . The mathematical formulation of this mechanism is currently developed in the Hauser-Feshbach theory [5] . Several computer codes based on this formalism are available for cross-section estimations. In this work the CASCADE [6] code was employed.
Experiment
The measurements were performed with proton beams provided by the Bucharest Tandem Van de Graaff electrostatic accelerator. Gamma rays were measured with high resolution HPGe spectrometer. Target thickness was 2 mg/cm 2 and its isotopic enrichment in 170 Er was 98% according to the manufacturer certificate. Several proton irradiations from 2.0-3.6 MeV were carried out, each run lasted about 120 min. The detection angle was 55°in order to minimize the angular distribution effects for detecting the strongest E2 transitions, and the distance between the detector and the target was 17 cm. Beam current was integrated in a Faraday cup and the electrical charge was digitized with an ORTEC charge integrator/digitizer. Measured gamma spectra were normalized to these values.
The energy loss of the beam in the target estimated with SRIM package [7] , was of the same order of magnitude with the accelerator beam resolution, allowing differential measurements for this work. Beam intensities of the order of 10 nA produced counting rates in the detector of ∼ 3 kHz, acceptable for the 30% efficiency HPGe γ ray spectrometer employed in our measurement. The acquisition system indicated a dead time of ∼ 0.4%.
The energy calibration of the spectrometer was performed with a 152 Eu gamma radioactive source, covering the energy range from 122 keV to 1408 keV. Pulse-height analysis was done on 4096 channels which was sufficiently adequate to exploit the 2.0 keV energy resolution (at 1 MeV) of the gamma detector. In order to estimate the relative efficiency calibration curve of the spectrometer, we measured the photopeak areas of the 152 Eu γ lines (A ( ) γ ), and after correcting for their intensities, the set of points were finally fit with an analytical function. The experimental data for the relative efficiency presented in Fig. 1 was obtained using the relationship
where A ( ) γ represents the area of the photopeak with energy "E ( ) and I ( ) γ is the relative intensity of the γ ray with energy "E ( ) of the 152 Eu source (Ref. [8] ). The efficiency data were interpolated by the curve given by,
where the parameters were obtained by the best fit to be =367.0, =323.4 keV, and =49.74. Table 1 . Observed gamma rays induced by 2.0 MeV protons on the erbium target enriched in A=170 isotope, arranged in order of increasing transition energy (E γ ). Intensities are normalized to the one of the 136.0 keV transition (I 136 0 ≡100). Energy values were extracted from the calibrated spectra, with the uncertainty of 0.1 keV. 
Spectrum analysis
The projectile-target combination employed in the experiment produces a fairly large number of gamma-ray lines already at the lowest beam energy (2.0 MeV) with an important contribution of fusion-evaporation reaction to the residual nucleus. The gamma ray relative intensities were obtained by correcting the peak areas with the efficiency values ( Fig. 1) . In Tab. 1 the relative intensities normalized to the value of the 136.0 keV gamma-ray transition (I 136 0 ≡100) are presented. Fig. 2 shows a typical gamma ray spectrum obtained with the HPGe detector when the erbium target was bombarded with a 2.0 MeV proton beam. In the energy range from 40 keV to about 1500 keV, several gamma lines were observed. Due to the high isotope enrichment in the A=170 erbium isotope, the other isotopes have very little abundances which summed together is a factor ≈49 less than 170 Er. Thus, one expects that most of gamma ray spectra from this reaction is dominated by 170 Tm lines. At the bombarding energies near threshold used in this experiment the dominant reaction mechanism is compound nucleus. The computer code CASCADE based on this mechanism was employed to compare with the results of our measurements.
Cross section calculations for the proton interaction with Er stable isotopes
Since 98% enriched 170 Er targets were employed in our experiments, traces from the other stable Er isotopes last in the target composition. We therefore, expected to observe in the high resolution gamma-spectra lines also originating from the proton-beam interaction with A=162,164,166,167,168 isotopes. In order to obtain an estimation of their population strength, we performed reaction model calculations for all stable Er isotopes presented in the target. For the nuclear reaction evolving from the incident channel leading to the decay channel , each state in the compound nucleus contributes to the reaction of interest. In the Hauser-Feshbach formalism, a partial cross section for a compound nucleus is given as an average by the relation [5] :
where E J and Π, are respectively the excitation energy, total angular momentum and parity of the compound nucleus state. The index counts for the possible decay channels (the elastic channel ( ), ( ,γ) channel and ( ) channel). σ is the cross section of the formation of the compound nucleus and Γ represents the particle decay width. The final cross section σ results by summing the contribution of all the partial cross sections tied with the compound levels (J, Π):
The compound nucleus formation cross section is calculated in terms of the transmission coefficients T (ε) [5] :
where: -wave number of the target -projectile relative motion, ( , I) -spins of the projectile and target, -orbital angular momentum of the projectile, S -channel spin, ε -projectile energy, ε+B = E, where B is the binding energy of the projectile. The quantity ( Π) ensures parity conservation. The particle decay width (in our case, one neutron decay) of the compound nucleus state (E J Π)by the emission of the particle reads:
where B is the binding energy of the particle in the compound nucleus, ρ -the level density in the compound nucleus and T (ε ) is the transmission coefficient for particle with channel energy ε = E − B −E and orbital angular momentum . E' denotes the excitation energy of the residual nucleus. Cross sections have been computed for several energies above threshold, obtaining an excitation function. The CASCADE code [6] was used to perform cross section calculations for all stable erbium isotopes for the following nuclear reactions:
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Tm for A=162, 164, 166, 167, 168, 170 for proton energies ranging from 2.0 MeV up to 3.6 MeV. The computer code CASCADE uses Fermi gas model for level densities of the product nuclei. In the present work, for optical model (OM) parameters sets of Rapaport et al. [9] and Perey [10] , the default in the CASCADE code, were employed for neutrons and protons, respectively, for calculating the transmission coefficients. The results of these calculations for the cross sections of the forementioned reactions were weighted by relative abundance of each isotope in the 98% enriched 170 Er target and are presented in Fig. 3 . One can observe from this figure that at a given incident energy, the cross section of the reaction 170 Er( ) 170 Tm is about 2 orders of magnitude higher than that of the radiative proton capture reaction 170 Er(p,γ) 171 Tm. Therefore we expect to observe in the experimental spectra very few gamma-rays originating from the 171 Tm nucleus. The threshold energies for the reactions with 2 neutrons in the exit channel are located above 7.7 MeV. Thus, by choosing the proton beam energy in the range 2.0-3.6 MeV, the ( 2 ) reaction channels on all stable Er isotopes are closed. In this respect, the experimental energy range 2.0-3.6 MeV selected in the present work is "safe" in order to open reaction channels with only one neutron evaporated. Numerical data concerning the ( ) and (p,γ) reactions on Er leading to the formation of Tm nuclides with an energy of 2.0 MeV of the proton beam are given in Tab. 2. The gamma ray energies assigned to the product nuclides are based on the adopted gammas reported in the nuclear data sheets 1 , in which the 170 Tm and 171 Tm states are populated through reactions other than those studied in the present work. The intensities of the gamma lines observed in the present work are consistent with those reported in 1 
Experimental excitation functions
The experimentally measured excitation functions and their comparison with Hauser-Feshbach statistical model predictions are presented in Fig. 4 . The gamma yield is normalized to the integrated charge for each proton energy. We extracted the experimental excitation functions for six lines. The 109.7, 165.1, 196.9, 301.0, and 439.7 keV lines are from the 170 Tm nucleus produced predominantly by neutron evaporation following fusion, whereas the 295.1 keV line is from the 171 Tm nucleus produced by radiative capture. The filled circles represent the results of the CASCADE calculations. The relative normalization between experimental and theoretical cross sections was performed as described in the caption of Fig. 4 . Er( ) 170 Tm reaction, the excitation function curves could not be obtained due to background interferences.
Conclusions
For the first time, gamma rays from the 170 Er( ) 170 Tm reaction using a 98% isotopically-enriched target have been measured by high resolution gamma ray spectroscopy. 
